In order to study the regenerative cooling mechanism, a three-dimensional numerical method for supercritical heat transfer of hydrocarbon fuels was established based on the Navier-Stokes equations and a thermophysical properties evaluation code. The supercritical heat transfer behavior of n-decane inside an electrically heated tube and n-dodecane inside a fuel-cooled panel has been computed. Detailed distributions of outer wall temperature and fuel temperature were obtained. The corresponding measurements are adopted to validate the numerical method. The relative deviations of the computational outer wall temperature from the test results are within 6.8%, and those of the fuel temperature are within 1%. Those indicate that the numerical method is reliable, and can be used as an effective tool to investigate the supercritical heat transfer of hydrocarbon fuels.
Introduction
Supercritical heat transfer of hydrocarbon fuels plays a key role in the regenerative cooling process for scramjet (Palaszewski, Ianovski & Carrick, 1998; Huang, Spadaccini, & Sobel, 2004) . The combustor wall of scramjet combustor endures high heat flux from the high temperature gases. In order to maintain engine reliability and lifetime, the fuel is firstly injected into the cooling channels in the wall panels and then into the combustor. On this occasion, the combustor wall is cooled via the convective heat transfer of fuel, and the heat energy is reused. The cross section of cooling channels is rectangular. The wall panels are heated one-sidedly. Therefore, the flow and heat transfer of hydrocarbon fuel in the cooling channels need a three-dimensional computational tool to be investigated.
The working pressure of the fuel generally exceeds its critical pressure. The properties of hydrocarbon fuel change acutely in the vicinity of the critical point, and the heat transfer behavior under supercritical conditions could exhibit much different features from that under subcritical conditions. Drastic changes in the heat transfer characteristics as the hydrocarbon fuel approach its critical state, and heat transfer enhancement after the fuel temperature became supercritical were observed (Zhong et al., 2008) . Meanwhile, heat transfer deterioration could occur once the fuel temperature reaches the pseudo-critical temperature (Hua, Wang, & Meng, 2010; Dang, Zhong, Chen, & Zhang, 2013) . These studies show that detailed investigation of supercritical heat transfer of hydrocarbon fuels is needed.
In this paper, a three-dimensional numerical method for supercritical heat transfer of hydrocarbon fuels was established based on the Navier-Stokes (N-S) equations and a thermophysical properties evaluation code. The electrically heated tube and fuel-cooled panel experiments were conducted to validate the numerical method.
Computation Method

Governing Equations
The heat transfer characteristics in solid wall could have significant effect on the flow and heat transfer behaviors of hydrocarbon fuels flowing in the cooling channels. A computation method of fluid-solid conjugated heat transfer is needed.
Solid thermal conduct equation:
The k s and T are solid thermal conductivity and temperature respectively.
Flow and heat transfer of hydrocarbon fuel in cooling channels are described by Navier-Stokes equations.
Mass conservation equation:
Momentum conservation equation:
Energy conservation equation:
In Equations (2)- (4), the ρ, u, p and h represent fluid density, velocity, pressure and enthalpy respectively. The μ eff and α eff are effective viscosity coefficient and effective thermal diffusion coefficient respectively. The Φ is the viscous dissipation term.
The k-ω SST model is directly applicable in near-wall region and therefore avoids the implementation of an uncertain wall function (Menter, 1994) , and is chosen to compute the turbulent flow and heat transfer. The turbulent equations are defined by Equations (5) and (6).
In Equations (5) and (6), the k and ω are turbulent kinetic energy and specific dissipation rate respectively. The P k and D k are production and dissipation terms of k. Detailed descriptions of k-ω SST model can be found in Menter's paper (1994) .
On the fluid-solid interface, an algorithm of sub-regional is adopted to compute the fluid-solid conjugated heat transfer. The temperature and heat flux must be continuous on the interface, that is:
The subscripts w, s and f represent the wall, solid and fluid respectively.
Thermophysical Properties Evaluation for Hydrocarbons
Accurate evaluation of the thermophysical properties is a key step for computing the supercritical heat transfer of hydrocarbon fuels. In this paper, data lists of fuel properties are created firstly according to specific temperature and pressure by a thermophysical properties evaluation code of hydrocarbon fuels (Huber, 2003) . The code has been normally used for the researches on supercritical heat transfer of hydrocarbon fuels at present (Hua et al, 2010; Ward, Ervin, Steiebich, & Zabarnick, 2004; Li et al., 2011) . Figure 1 shows the thermophysical properties of n-decane under varied temperature. Subsequently, a look-up table method is introduced to update the fuel properties in numerical iteration process. Data lists can be reused and expanded easily and the look-up table method can promote the computational efficiency because it avoids the repeated calculation of fuel properties in the numerical calculation process. 
Experiments
Electrically Heated Tube Test
Electrically heated tube test has some advantages such as high heat flux, quick increase of temperature and simple operating system. Consequently, it is widely adopted for the heat transfer research of hydrocarbon fuels (Linne, Meyer, & Edwards 1997; Wishart, Fortin, & Guinan 2003) . Figure 3 illustrates the sketch of electrically heated tube. The tube material is stainless steel (1Cr18Ni9Ti). Length, inner diameter and outer diameter of the tube are 1.3 m, 1.5 mm and 3 mm respectively. It is convenient for computation and analysis with a single-specie fuel, the thermophysical property variations of n-decane (critical pressure 2.11 MPa, critical temperature 617.7 K) with temperature are similar to that of engine fuel. Therefore, n-decane is used as the working substance. The inlet temperature, pressure and flux of n-decane are 300 K, 4 MPa and 1.24 g/s respectively. The tube is heated via steady electrical current (0-300 A) produced by direct current supply. Different heat flux can be obtained via adjusting the electrical current. . Subtracting the heat loss from the total input power, the net heat flux absorbed by the fuel can be obtained. For a tiny segment i of the tube, the heat flux on the inner wall is evaluated by Equation (8).
( )
Heat loss P loss is evaluated by Equation (9). 
In Equation (8), I is the current intensity, R represents resistance of the tube, d is the inner diameter of the tube, and Δl is the length of the tiny segment. In Equation (9), T ow is the outer wall temperature, and T air is the environment temperature.
The heat flux along the tube is illustrated in Figure 4 . 
Fuel-Cooled Panel Test
The test is performed on the arc heater, whose nozzle exit is rectangular, while the Ma (Mach Number) equals to 2.3. The temperature range of the heating air flow is 1850-2430 K. There are six thermocouples welded on the backside wall of the panel to measure the temperature (see Figure 5) . At the exit of the cooling channel, a K-type thermocouple is employed to measure the fuel temperature. Pure n-dodecane is used as working substance, and its inlet temperature, pressure and mass flow rate are 283 K, 5.3 MPa and 4.17 g/s respectively. The fuel-cooled panel, whose size is 66 mm × 124 mm, is manufactured by welding a cover plate (1Cr18Ni9Ti) to the channel plate (GH3030) with a snake-like cooling channel, the length of which is 2.2 m. The thickness of cover plate is 3 mm, and that of the channel plate is 2.3 mm. The channel size (width × height) and rib width are 2 mm × 1.5 mm and 1.5 mm respectively.
The structure of fuel-cooled panel is simple and the wall heat flux is approximately uniform. This simplifies the three-dimensional flow and heat transfer behavior of hydrocarbon fuels under supercritical conditions. Furthermore, the pressure, temperature, etc. can be measured easily, thus the fuel-cooled panel test is also accomplished to validate the numerical method.
Heat transfer analysis for this experiment was accomplished (Jiang et al., 2011) , and the evaluated temperature distribution of the gas-side wall is illustrated in Figure 6 .
Results and Discussion
After the accomplishment of the two validation experiments, the exit fuel is analyzed using chromatograph. It is found that the fuel conversion for both the tests is less than 2%, and consequently, thermal cracking of the fuel is neglected in the numerical calculation process.
The computational domain of the electrically tube is shown in Figure 3 , and that of the fuel-cooled panel is accordant with the sizes introduced in section 3.2. For accurately computing, there should be adequate grids in boundary layer. Mesh independence checkout has been investigated before the computation. It is found that the y + of the first near wall node should be approximately 1. In order to meet this condition, the normal size of the first near wall grid is 1 μm in the computation. For the electrically heated tube, there are 25 × 3000 (radial × axial) girds on the axisymmetric plane. For the fuel-cooled panel, there are 25 × 21 (width × height) girds on the cross section which is vertical to the flow direction, and the total grid number is nearly 5 000 000. 
Wall conditions:
Outlet conditions:
The A is the cross section area of the tube/channel. The subscript in represents the inlet. For the electrically heated tube, q(x) is shown in figure 4 . For the fuel-cooled panel, q w can be found in the investigation of Jiang et al. (2011) .
The SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm is used to solve the pressure-velocity conjugate (Partanker, 1980) . The relaxation factor of pressure is 0.3, while it equals to 0.7 for other variables.
Comparison With Electrically Heated Tube Test
The computational outer wall temperature of the tube is compared with the experimental result in Figure 7 . As shown in this figure, when the l (distance along the tube) is less than 0.5 m, the computational temperature shows a wide difference from the test data. One main reason could account for this phenomenon: the Re (Reynolds Number) of n-decane is less than 2 300 at the tube entrance, representing laminar flow state. Flow transition to turbulence will happen downstream with the flow and heat transfer development of n-decane. It is observed that the Re rise above 10 000 at about l = 0.45 m, indicating that the flow has changed to turbulence. Since the heat transfer efficiency of laminar and transitional flow is lower than that of turbulent flow, but the flow and heat transfer of n-decane is computed using turbulent model for the whole tube, the calculated wall temperatures are lower than the measured ones in the range of l ≤ 0.5 m. Figure 7 also shows an abrupt increase of the calculated temperature at the tube inlet, which could be caused by the turbulent model chose in present work, and similar results can be observed in some other researches (Hua et al, 2010; Zhou, Krishnan, & Blvd, 1997) .
The change of flow state has little influences on the temperature variation of n-decane, and further on the heat transfer in turbulent region. In turbulent region (l > 0.5 m), the relative deviation of computational temperature from the test data, calculated by ΔT/(T w -T 0 ), is within 1%.
Comparison With Fuel-Cooled Panel Test
The computational wall temperature of the panel is illustrated in Figure 8 . Comparing with the result of heat transfer analysis shown in figure 6, the maximum difference is 21.5 K and the percentage deviation relative to the increase of wall temperature (about 711 K) is 3%. Figure 9 shows the fuel temperature on the symmetry plane of cooling channel. Figure 10 shows the backside wall temperature at the location where the thermocouples are jointed. Since the inlet Re of n-dodecane is less than 2 300, the flow state is laminar and flow transition will happen downstream. Based on the same reason mentioned in section 4.1, the results for thermocouples 1 and 4, which are in laminar and transitional region, are not used for the validation of the numerical method. As illustrated in Figure 10 , in turbulent region (thermocouples 5, 2, 6 and 3), the absolute deviation of computational temperature from the heat transfer analysis is 38 K, about 5.2% relative to the increase margin of wall temperature.
Some thermocouples have dropt down in the experiment process because of the uncertainty of measurement technique under high temperature conditions. Only the measured data of thermocouple 3 is effective and it is shown in Figure 10 . The measured wall temperature of thermocouple 3 is within the range of 822-870 K when the test reaches to thermal balance, while the calculated result is 878 K. The relative deviation between computation and experiment is in the range of 0.92-6.8%. Moreover, the calculated temperature of n-dodecane at the panel exit is 876 K. Comparing with the results of heat transfer analysis (879 K) and measurement (871 K), the difference of the fuel temperature is 3 K and 5 K respectively, while the relative deviations are all within 1%.
Conclusions
The main conclusions obtained from this investigation are described as follows:
(i) A three-dimensional numerical method for supercritical heat transfer of hydrocarbon fuels is established based on Navier-Stokes equations and a thermophysical properties evaluation code. The method can be used to compute laminar/turbulent and low-speed flow, and fluid-solid conjugated heat transfer of hydrocarbon fuels with varied thermophysical properties under supercritical conditions. www.ccsenet.org/apr Applied Physics Research Vol. 7, No. 1; 2015 (ii) Electrically heated tube test and fuel-cooled panel test are conducted to validate the numerical method. In turbulent region, the relative deviations of computational outer wall temperature for the electrically heated tube from the measurement ones are within 1%. For the fuel-cooled panel, the relative deviations of wall and fuel temperature are about 6.8% and 1% respectively. Those indicate that the numerical method is accurate and reliable.
(iii) The numerical method developed in this paper can be used to investigate the regenerative cooling mechanism for the hydrocarbon-fueled scramjet.
